I. INTRODUCTION
In conventional planar near field acoustic holography ͑NAH͒, it is a necessary condition that the sound sources are confined to half space ͑say, z Ͻ 0͒, whereas the other half space is source-free and free-field conditions obtain. 1, 2 However, in many realistic situations, this condition cannot be satisfied because of reflections or disturbing sources. If the disturbing sources cannot be removed, a sound field separation technique should be applied to eliminate the influence of the disturbing sound. Such sound field separation techniques based on double layer pressure measurements have been investigated for years. [3] [4] [5] [6] An alternative single layer technique for separating the primary source from the disturbing source was recently proposed by Jacobsen and Jaud. 7 This method is based on the statistically optimized version of NAH ͑SONAH͒ developed by Hald et al., 8, 9 and requires measurement of both the sound pressure and the normal component of the particle velocity in the measurement plane. Yet another method for separating sound field contributions using pressure-velocity measurement has been proposed by Bi and Chen. 10 Their method combines the double layer technique with the equivalent source method, and the particle velocity is obtained from a finite difference approximation.
The transfer matrices employed by Jacobsen and Jaud's method have been optimized for the primary source. 7 Thus one might perhaps expect a reduced performance when the primary source and the disturbing source are not located symmetrically with respect to the measurement plane, as anticipated in Ref. 7 . The purpose of this letter is to examine the matter and present an improvement to the method that extends it to the general case where the location of the disturbing source is arbitrary on the side of the measurement plane opposite to that of the primary source. The modified method is compared with the original method in a simulation study as well as experimentally.
II. THE SINGLE LAYER METHOD AND A MORE GENERAL VERSION
The so-called p-u method described in Ref. 7 combines a pressure-based SONAH prediction with a particle velocitybased prediction, the idea being that the two estimates should be identical if the sound is coming from the primary source but have an opposite sign if the sound is coming from a disturbing source located directly opposite to the measurement plane from the primary source because of the fact that the particle velocity is a vector whereas the pressure is a scalar. Thus the sound pressure in a grid of N points ͑r s,n ͒ in the prediction plane ͑z = z s ͒ generated only by the primary source can be expressed as the average of a weighted sum of measured pressure and particle velocity signals measured at N positions ͑r h,n ͒ in the hologram plane ͑z = z h ͒,
where T denotes matrix transpose, p 1 ͑r s ͒ is a column vector with the predicted pressures due to the primary source, and p͑r h ͒ and u z ͑r h ͒ are column vectors with the measured pressures and particle velocities generated both by the primary source and the disturbing source. The two N ϫ N transfer matrices C pp and C vp are determined by requiring that an infinite set of propagating and evanescent elementary waves of the form
and that
from which the two transfer matrices are determined; see Refs. 7-9.
A modified version of this method is described in what follows. The configuration is shown in Fig. 1 , where p s1 is the sound pressure generated only by the primary source in the prediction plane, which may coincide with the primary source plane or may be between the source and the measurement plane, and p s2 is the sound pressure generated only by the disturbing source on the other side of the measurement plane.
The pressure and the particle velocity generated by both sources in the measurement plane can be written as sums of two contributions:
where C pp1 and C pv1 are determined from
However, the transfer matrices for the disturbing source are different. They should be optimized for elementary waves coming from the disturbing source, and therefore they should be determined by another set of propagating and evanescent elementary waves:
͑9͒
The two transfer matrices C pp2 and C pv2 can now be determined in the same way as Eqs. ͑7͒ and ͑8͒ by replacing A and B with ͓A͔ mn = ⌿ m ͑r h,n ͒ and ͓B͔ mn = ⌿ m ͑r s,n ͒. Finally, combining Eqs. ͑5͒ and ͑6͒ gives the pressure generated by the primary source,
͑10͒
It should be mentioned that the Tikhonov regularization is needed when all transfer matrices are computed.
III. A SIMULATION STUDY
To examine the performance of the modified method, a simulation study has been carried out. A test case with two monopoles not located at symmetrical positions was examined. One monopole was regarded as the primary source and placed at ͑Ϫ0.2, 0, Ϫ0.2͒ ͑x, y, z, coordinates in m͒, and the other one was regarded as the disturbing source and placed at ͑0.2, 0, 0.1͒ on the other side of the measurement plane, which was located at z = 0. The sound pressure and normal component of the particle velocity were "measured" in a grid of 10ϫ 10 points with dimensions 2 ϫ 2 m 2 , and noise was added to the measured data corresponding to a signal-tonoise ratio of 20 dB. Figure 2͑a͒ shows the "true" undisturbed sound pressure at 500 Hz along the x-axis in the measurement plane, and the reconstructed undisturbed pressure in the same plane determined using the original p-u method based on Eq. ͑1͒ and the new version based on Eq. ͑10͒. It can be seen that the new version of the p-u method gives much better results than the original version. Other test cases ͑not shown͒ have confirmed this observation. Figure 2͑b͒ shows the effect of moving the disturbing source to the position ͑Ϫ0.2, 0, 0.2͒, which is symmetrical with respect to the measurement plane. Not surprisingly, the original p-u method performs very well in this case, in fact, even slightly better than the alternative method.
IV. EXPERIMENTAL RESULTS
An experiment has been carried out in a large anechoic room at the Technical University of Denmark. A loudspeaker mounted in a sphere and an "experimental monopole" served as the primary source and the disturbing source, respectively. The latter device, described in Ref. 11 , consists of a tube driven by a loudspeaker. The sound pressure and the particle velocity were measured at 11ϫ 11 points with a single 1/2 in. p-u sound intensity probe produced by Microflown. The measurement plane with dimensions 25ϫ 25 cm 2 was located at z = 0, and the measurement was carried out with the two sources operating together and with only the primary source turned on. This plane also served as prediction plane. Three test cases were examined: a symmetrical case ͑1͒ with the primary source at ͑0,0,−0.05͒ ͑coordinates in m͒ and the disturbing source at ͑0, 0, 0.05͒, a nonsymmetrical case ͑2͒ with the primary source at ͑0,0,−0.05͒ and the disturbing source at ͑Ϫ0.05, 0.05, 0.05͒, and yet another nonsymmetrical case ͑3͒ with the primary source at ͑Ϫ0.075, 0, Ϫ0.08͒ and the disturbing source at ͑0.075, 0.05, 0.14͒. Figures 3-5 show the pressure generated by two sources together, the undisturbed pressure generated by the primary source, reconstructed using the method based on Eq. ͑1͒, and reconstructed using the modified method based on Eq. ͑10͒, and relative errors between the undisturbed pressure and the reconstructed pressure obtained by Eqs. ͑1͒ and ͑10͒, at three Letters to the Editor different frequencies, 320, 528, and 1016 Hz, respectively. In the symmetrical case 1, both methods perform reasonably well, although the original method is clearly better than the modified method at 1016 Hz. However, in the two nonsymmetrical cases ͑2 and 3͒, the method based on Eq. ͑10͒ is somewhat better than the original method based on Eq. ͑1͒, in particular, at low frequencies. It should finally be mentioned that the reconstructed phase has also been examined. The results, not shown, showed a similar tendency.
V. CONCLUSIONS
The single layer p-u method proposed by Jacobsen and Jaud can separate sound field contributions coming from the two sides of the measurement plane and performs well in some cases. However, the primary source and the disturbing source are usually not located symmetrically, and in such cases the alternative version described and examined in this letter somewhat performs better.
